Phase transition behavior of two-component viologen adsorption layers at a HOPG electrode was described using the results of voltammetric measurements. In the coexistence of heptyl viologen (HV) and its bis-carboxylated derivative in the solution phase, a well-mixed condensed monolayer of the radical cations was formed at any molar fraction.
Introduction
Well mix or separate into domains? This question is frequently arisen in two-dimensional (2D) binary systems at electrode|solution interfaces, especially in monolayer formation processes on electrode surfaces from two-component adsorbate solutions. Understanding of the structures and formation processes of 2D binary films is of importance in the fabrication of functional modified electrodes. The state of the film formed through spontaneous adsorption process from a binary solution may be determined mainly by three factors: (1) thermodynamics of mixing of the two components on the surface to achieve the state of the lowest energy, (2) kinetics of the film formation process, and (3) the sequence of adsorption events. In other words, we can learn the delicate balance among adsorption free energy, intermolecular interaction, and film formation kinetics from the observation of the adsorption process.
The self-assembled monolayer (SAM) formation of alkanethiols or their derivatives on a metal electrode surface has provided us with an interesting model case of a 2D binary system. The thiol SAM formed through an irreversible adsorption process undergoes reductive desorption at negative potentials in a strong alkaline medium [1] , enabling us to answer the question, mix or separate. Kakiuchi and his coworkers have reported the characteristics of a number of binary alkanethiol SAMs on Au electrodes. For example, undecanethiol and mercaptoundecanoic acid are well-mixed in the SAM as evidenced by the appearance of reductive desorption voltammetric peak in between the potentials of individuals [2] . When the difference of alkyl chain lengths exceeds two or three in the number of methylene carbons, phase separation into two domains takes place as exemplified by the mixed SAM of hexadecane thiol and mercaptopropionic acid [3] . In this case, two distinct reductive desorption peaks are observed in the voltammogram. Similar phase separation due to the alkyl chain length difference has been demonstrated by a Monte-Carlo calculation by Shevade and coworkers [4] . As an intriguing case, 2-aminoethanethiol and 2-mercaptoethane sulfonic acid form a stable SAM of 1:1 composition on a Au electrode surface irrespective of the solution composition due to strong lateral electrostatic interaction, demonstrating an ideal nonideality [5] .
Viologen molecules bearing two long alkyl chains exhibit 2D phase transition of the first 4 order upon the redox reaction between dication (V 2+ ) and radical cation (V •+ ) forms when being adsorbed on a basal plane of a highly oriented pyrolytic graphite (HOPG) electrode [6] [7] [8] [9] [10] . In cyclic voltammograms (CVs), the phase transition process of viologen gives rise to spike-like peaks at less negative potentials than the potential of the bulk redox reaction [6, 7] . The reduction process is the formation of the ordered condensed monolayer of flat-lying V
•+ molecules from the gas-like adsorption layer of V 2+ state, while the oxidation is the reverse process. Arihara and coworkers revealed the facts that V •+ moieties in the condensed phase assume the side-on configuration and alkyl chains of V •+ molecules orient parallel to the surface from their IR reflection study [6] . Recently, Pham and coworkers have found a stripe pattern of adsorbed V •+ form of benzyl viologen on a chloride modified Cu(100) electrode surface by in situ STM observations [11] . In the STM image, the main molecular axis is parallel to the surface in a side-on adsorption geometry, exhibiting the formation of π-stacked polymer chains.
In this report, we describe the phase transition features of two-component viologen mixed 
Experimental
Scheme 2 ) was prepared previously [10] . , accompanied by a one-electron transfer reaction.
Results and Discussion

Mixture of HV and V-(C 7 -COOH) 2 as a typical well-mixing case
Anodic peak represents the reversal transition. In the condensed phase, hydrogen bonding interaction is established between V-(C 7 -COOH) 2 molecules at their both ends on the HOPG electrode at pH 2.1 [10] . In the solution containing solely HV (curve g), peak potentials were E pc = -0.34 V and E pa = -0.30 V. These results are in line with our previous reports [7] [8] [9] [10] . The greater peak separation for V-(C 7 -COOH) 2 than HV is due to the effective positive contribution of hydrogen bonding to the intermolecular attraction in the condensed phase [10] .
Typical CVs for various x HV ranging from 0.010 to 0.99 are shown as curves b-f in Fig. 1 -A,
together with x HV dependence of peak potentials (E p ), the full width at the half-height of the peak (ΔW 1/2,p ), and peak charge (Q p ) in Figs. 1-B through D.
With an increase of x HV from 0 to 0.4, the peak potentials were unchanged from those for curve a obtained in the presence of solely V-(C 7 -COOH) 2 . Although the increase of ΔW 1/2,p of the cathodic peak was observed, Q p was unchanged. Note that the value of Q p for a pure condensed film of V-(C 7 -COOH) 2 (13 μC cm -2 ) is smaller than that for a pure condensed film of HV (15 μC cm -2 ), reflecting the molecular size. These observations indicate that the condensed phase is composed dominantly of reduced V-(C 7 -COOH) 2 when x HV < 0.4.
When x HV exceeds 0.5, monotonic shifts of both E pc and E pa to less-negative potentials were observed. The pronounced shift of the peak potentials at x HV > 0.8 was in line with the increase of Q p . The mixing of HV in the condensed film is obvious at x HV > 0.5. However, even at x HV = 0.99 (curve f), E pc was still 53 mV more negative that at x HV = 1, indicating predominant content of V-(C 7 -COOH) 2 in the condensed film. Note that, in the range of 0.80 < x HV < 0.96, the anodic peak apparently split to two peaks, while the cathodic peak did not. It cannot be denied that, even though the condensation of a two-component film takes place at a single potential upon reduction, two distinct domains in the condensed phase are present in the superficial film. Because the maximum peak splitting was smaller than 25 mV, the difference of the composition of the two domains may be minor.
The intermolecular hydrogen bonding formation between reduced V-(C 7 -COOH) 2 molecules may provide stronger homo-interaction than the homo-interaction between reduced 7 HV molecules. Therefore, even though V-(C 7 -COOH) 2 is more soluble in water than HV, the molar fraction of V-(C 7 -COOH) 2 in the condensed film is greater than its solution fraction.
To evaluate the significance of hydrogen bonding ability of carboxylated viologen, behavior in alkaline solution was examined.
Fig. 2 See page 13
In Fig. 2 , CVs for HV + V-(C 7 -COOH) 2 mixture at x HV = 0.5 at two far different pH were compared. In alkaline solution (pH 13), the transition peaks appeared at almost the same positions as in the presence of solely HV, indicating that the content of reduced V-(C 7 -COOH) 2 molecule in the condensed phase is negligibly small even at x HV = 0.5. In alkaline solution, V-(C 7 -COOH) 2 is deprotonated to be V-(C 7 -COO -) 2 , and its intermolecular hydrogen bonding ability is lost. It was confirmed, therefore, that the ability of V-(C 7 -COOH) 2 to form intermolecular hydrogen bonding is the key to form a well-mixed ordered condensed phase as observed in Fig. 1-A . In this phase, HV molecules can mix in without causing disorder of aligned V-(C 7 -COOH) 2 molecules, because the molecular structural difference is only the absence of the end -COOH groups. In the x HV range from unity down to x HV = 0.091, only one pair of peaks was observed as exemplified by curves e and f, while negative shift of both E pc and E pa were obviously recorded ( Fig. 3-B) . When x HV = 0.062 was reached, another pair of peaks suddenly appeared at the peak potentials of the one-component system of BV. At lower x HV , the negative shift of the less-negative couple ceased. At x HV < 0.02, the peaks of the less-negative couple became too small for the peak 8 potentials to be read precisely.
Mixture of HV and BV
In these observations, there are several significant pieces of information to be pointed out.
(1) In the range of 1 > x HV > 0.062, the tendency of the shift of peak potentials is similar to HV + V-(C 7 -COOH) 2 Additionally, the plot of Γ t as a function of the holding time (Fig. 4-D) clearly indicates that, as far as BV condensed phase coexists, the HOPG surface is not fully covered by viologens at a sweep rate of 80 mV s -1 . The time period allowed for phase transition affects not only the ratio of two viologens on the surface but also total amount in the condensed phase.
Concluding remarks
In this report, we demonstrated two examples of phase transition processes at a HOPG electrode in contact with two-component viologen solutions using the results of voltammetric measurements. In the coexistence of HV and V-(C 7 -COOH) 2 in the solution phase, a well-mixed condensed monolayer of the radical cations was formed at any molar fraction.
In sharp contrast, the binary system of HV and BV exhibited phase separation at the lower molar fractions of HV at which BV is saturated in the condensed phase of HV. However, Finally, the characteristic features of binary phase formation on a HOPG electrode surface relevant to this work are worth to be noted in comparison with the reductive desorption of the SAMs of alkanethiol. Only the observation of reduction process has the essential meaning for alkanethiol SAM, while separate observation of both condensation and dissolution processes is allowed for viologen at HOPG. The reoxidation of alkane thiolate never restores the well-defined SAM of alkanethiol. In the case of viologen phase transition at HOPG, appearance of a transitory adsorption state and afterward "place exchange" (and/or "space filling") can be readily monitored repeatedly. The reductive desorption of alkanethiol is a destructive process. The reductive desorption peak area of CV for an alkanethiol SAM cannot be directly equated to the amount of the reduced molecules but calibration for the double layer charging should be made in the light of the shift of apparent pzc [12] . On the other hand, CV peak at a HOPG electrode directly gives the amount of molecule because of the very low double layer capacitance, since a HOPG is a semi-metal [13] . In summary,
HOPG|binary-viologen systems may bring about a straightforward view of the state of the condensed monolayer as well as its formation and dissolution processes.
Scheme and Figures
Scheme 1. Molecular structure of viologens used in this work. Dependencies on holding time were shown for the peak charge (Q pa ) obtained by the integration of the CV curve followed by base-line correction in B, the anodic peak potentials (E pa ) in C, and the total adsorbed amount of viologens (Γ t ) calculated from Q pa in D. The solid lines are added for eye-guides.
